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INTRODUCTION
Many enveloped RNA viruses can establish long-term persistent infections (PI) in vitro and in vivo (for reviews, see Holland et al., 1980; Youngner & Preble, 1980; ter Meulen & Carter, 1982; ter Meulen et al., 1983 ; Lehmann-Grube et al., 1983) . Several mechanisms have been postulated for the maintenance of the carrier state, such as production of defective interfering (DI) particles, interferon, or temperature-sensitive mutants. Other mechanisms, such as restriction of the expression of some viral proteins associated with the cell surface, have also been reported in the maintenance of PI with Sendal virus (Roux & Waldvogel, 1982) or with lymphocytic choriomeningitis virus (Oldstone & Buchmeier, 1982) .
Persistent infections with rhabdoviruses have been studied in great detail and over long periods . It has been reported that evolution of viral proteins and base substitutions in viral RNA appear during P[ (Rowlands et al., 1980; Holland et al., 1979) . The presence of DI RNAs has also been observed in PI with vesicular stomatitis virus and rabies virus Wild & Bijlenga, 1981; Kawai et al., 1975; Grabau & Holland, 1982) . We have established five cell lines persistently infected with the CVS strain of rabies virus (Tuffereau & Flamand, 1983) . Three of these cell lines, named D, F and J, have now been maintained for 2.5 years. Cells produced viral particles but this material was found to be less and less infectious. After 60 passages, no more plaque-forming units (p.f.u.) were detected when the supernatants were plated onto CER cells. Neither detectable DI particles nor interferon were produced (Tuffereau & Flamand, 1983) . Residual infectivity and protein composition of extracellular viral particles have been investigated. We looked for the presence of intracellular virus proteins in these three PI cell lines by immunoenzymic tests with 0000-6289 © 1985 SGM c. TUFFEREAU, F. LAFAY AND A. FLAMAND monoclonal antibodies or by immunoprecipitation with a polyclonal antiserum and by immunofluorescence. We also studied the N and M1 viral proteins by tryptic peptide mapping to see if they had undergone genetic variation.
METHODS
Cells, virus andmedia. and PI cells were cultured in MEM supplemented with 10~ tryptose phosphate, 10~ calf serum and antibiotics. BSR cells, deriving from a BHK-21 clone isolated at Tfibingen, were cultured in Eagle's medium, Glasgow modification (GEM) (Macpherson & Stoker, 1962) supplemented with calf serum and antibiotics. All cells were subcultured at a ratio of 1:6 twice a week and incubated at 37 °C in a 5~o CO2 atmosphere. PI cells were maintained for 2.5 years in this manner.
For virus multiplication, cells were infected with the CVS strain of rabies virus at a m.o.i, of 1 to 2 p.f.u./cell and incubated at 37 °C in MEM supplemented with 0.1 ~ bovine serum albumin (BSA-MEM). The CVS strain of rabies virus was a generous gift of Dr P. Atanasiu (Institut Pasteur, Paris, France). 
Radiochemicals

Production of[35S]methionine-labelled virus. Uninfected cells, acutely infected (AI) cells 4 h after CVS infection
and PI cells (3 x 106) were labelled for 24 h with 100 ~Ci [35S]methionine in BSA-MEM containing one-fifth of the standard amount of essential amino acids. At the end of the labelling period the supernatant of each culture was clarified by low-speed centrifugation and virus particles were pelleted at 35 000 r.p.m, for 1 h at 4 °C (rotor SW41). The particles were dissociated in Laemmli buffer for 30min and analysed by electrophoresis in a 10~ SDS-polyacrylamide gel (Laemmli, 1970) .
[3 H]Lysine labelling and immunoprecipitation of intracellular viralproteins. Confluent monolayers of 3 x 106 cells each of AI 24 h after CVS infection, uninfected and PI were labelled for 20 h in 1 ml MEM without lysine containing 2~ calf serum, 2~ tryptose phosphate and 40 ~Ci [3H]lysine. We have verified that during the 20 h labelling period the incorporation of [3H]lysine into TCA-precipitable material was linear and that the ceils were in good condition (not shown). At the end of the labelling period, cell extracts were prepared. Cells were washed twice with isotonic saline buffer (TD: 0.15 M-NaCI, 5 mM-KCI, 0.7 mM-Na2HPO4, 8 mM-Tris-HC1 pH 7-4). They were disrupted with 1 ml oflysis buffer (0-5~o NP40, 0.15 M-NaC1, 50 mM-Tris-HCl pH 7.4) and sonicated for 15 s. Cell extracts were centrifuged at 10000 r.p.m, for 5 min in an Eppendorf centrifuge. Protein concentrations of the supernatant fluids were measured by the dye-binding technique of Bradford (1976) and adjusted by dilution to the same value.
Cell extracts (5 x 105 cells) were incubated overnight at 4 °C with 50 ~tl of serum from adult mice that had been inoculated intracerebraUy with u.v.-inactivated CVS. The titre of the serum (I/I0000) was measured by neutralization of 200 p.f.u, of CVS. Then, 100 ~tl of anti-mouse globulins were added and samples were held at 4 °C for 4 h more. Immune complexes were collected by centrifugation in an Eppendorf centrifuge for 5 min at 10000 r.p.m. Pellets were washed twice with buffer (0.15 M-NaC1, 15 mM-Tris-HC1 pH 7-4, 5 mM-EDTA, 5~ sucrose, 1 NP40) and resuspended in Laemmli buffer. Proteins of immune complexes were separated by electrophoresis in a 10~o polyacrylamide gel (Laemmli, 1970) . For peptide mapping, labelled proteins were eluted from the gel in 0-01 ~ SDS and lyophilized.
Preparation of[l*C]lysine-labelled proteins from CVS virions. Confluent monolayers of 107 BHK-21 cells were
infected with CVS at a m.o.i, of 1 to 2 p.f.u./cell. Four h later, they were labelled with 10 ~tCi/ml [~4C]lysine. After 48h at 37 °C, the medium was clarified by low-speed centrifugation and the virus was pelleted at 35000 r.p.m, for 90 min at 4 °C in a Beckman R45Ti rotor. The virus was resuspended in TD buffer (pH 7.4) containing 1 mM-EDTA and sedimented through a 20 to 40~ (w/v) sucrose gradient made in TD buffer in a Beckman SW41 rotor (35000 r.p.m., 4 °C). The virus was precipitated by addition of 4 vol. ethanol, and resuspended in Laemmli buffer. Proteins were separated in a 10~ polyacrylamide gel and eluted in 0-019/00 SDS.
[3H]Glucosamine labelling of the Gprotein. Monolayers of 106 cells (either PI, AI 24 h after CVS infection or noninfected) were labelled for 20 h in MEM supplemented with 50 ixCi [3H]glucosamine. At the end of the labelling period, cell extracts were made and analysed by electrophoresis in an 8 to 12~ polyacrylamide gradient gel.
[ 32 p ]Na3P04 and [3 5 S]methionine labelling. Confluent monolayers of 106 ceils (A124 h after CVS infection, noninfected or PI) were incubated for 30 min at 37 °C in GEM without phosphate and then for 3 h in 0-5 ml of the same medium supplemented with 50 ~tCi [32p]Na3PO4; [35S]methionine labelling was similarly performed for 3 h in BSA-MEM containing 10 ~tCi/ml of the radioactive precursor.
Tryptic maps of viral proteins.
[1"C]-and [3H]lysine-labelled proteins were mixed, reduced with 0.1 M-dithiothreitol, alkylated with 0-25 M-iodoacetamide and incubated with TPCK-trypsin (Worthington). Tryptic peptides were separated by a pH gradient from pH 2.4 (0.1 ~-pyridine acetate) to pH 5.2 (2 M-pyridine acetate) on Chromobead P (Technicon) as described previously (Lafay & B~n~jean, 1981) .
Fractionation of 3zp-labelled cells by detergent.
Separation of detergent-soluble and -insoluble fractions was performed at 4 °C according to Capco et al. (1982) modified. Cells were washed twice with TD buffer, then twice with PKS buffer [10 mM-PIPES pH 6-8, 100 mM-KC1, 300 raM-sucrose, 2.5 mM-MgC12, 1 mM-phenyl-methylsulphonyl fluoride (PMSF) and Aprotinin (100 U/ml)]. The detergent-soluble fraction was removed by a 3 min incubation with 1 ml of PKS buffer plus 1% NP40. Two washes with the same buffer were then performed. The proteins of the two fractions were analysed on polyacrylamide gels (Laemmli, 1970) or the detergent-insoluble fraction was treated in situ with fluorescein-conjugated anti-nucleocapsid antibodies.
Immunofluorescence. Cells were subcultured in sterile chambers (Lab-Tek) and incubated at 37 °C. They were washed twice with phosphate buffer (0-2 M, pH 7-2). Then, they were fixed with acetone for 20 min at -20 °C, incubated 1 h at 37 °C either with anti-M 1, anti-M2 or anti-G mouse serum and thereafter in the same conditions with fluorescein-conjugated anti-mouse antibodies (Cappel Laboratories), or with fluorescein-conjugated antinucleocapsid antibodies (Institut Pasteur). The slides were washed twice with phosphate buffer and once with distilled water; they were observed with a u.v. light source.
Immunoenzymic test. Cell lysates were prepared from l0 T cells, either PI, AI (24 h after CVS infection) or noninfected. Fifty lxl of dilutions made in EPT buffer (150 mM-NaC1, 7.4 ml~-Na2HPO4, 2.4 mM-KH2PO,, pH 7) were deposited in wells of a 96-well microtitration plate. Cell lysates were dried overnight at 31 °C, washed with EPT containing 10% horse serum and incubated 90 min at 37 °C in presence of mouse monoclonal antibodies (Flamand et al., 1980a, b) diluted in EPT plus 1% bovine serum and 0.02% sodium azide. Wells were washed with EPT plus 1% horse serum, covered with 150 p.1 of an alkaline phosphatase-conjugated anti-mouse IgG, and incubated for 1 h at 37 °C. After an additional washing, 250 ~tl of a solution of 1.33 mM-p-nitrophenyl phosphate (Sigma 104) in 1 MTris-HCl (pH 8) was added and samples were incubated at 37 °C for 1 h. The colour was measured at 410 nm on an ELISA microreader (Dynatech).
RESULTS
Characterization of virus production
For approximately 60 passages, PI cells released p.f.u, in small amounts and then stopped. Around the 220th passage we looked for the presence of non-plaque-forming but infectious particles in the medium of PI cultures. BHK cells were infected with the supernatant of PI cultures, incubated at 37 °C under medium solidified by addition of gelose, and then treated with fluorescein-labelled anti-nucleocapsid antibodies. After 24 h of incubation, no fluorescence was detected; in contrast, after a 48 h period a few positive cells appeared (between 0.1 and 0.5 % of total cells). The number of positive cells allows the calculation of the titre of non plaque-forming, although infectious, particles (between 2 x 103 and 104 focus-forming units/24 h/ml). Furthermore, the replication cycle of these particles was slow (48 h instead of 24 h).
Virus production was analysed by labelling the cells with [35S]methionine and pelleting the particles contained in the supernatant (Fig. 1) . J and F cell lines produced particles with very low amounts of L, G, M 1 and M2 proteins, while particles produced by the D line contained normal amounts of L and M2, less G and almost no M1. Whether the production of J and F is composed of incomplete virions or of a mixture of nucleocapsids and normal virions is not known.
The quantity of N protein secreted in 24 h by PI cells in virus particles represents between one-half and one-fifth of what is found in the virions produced in the same period by acutely infected (AI) cells.
The presence of intracellular virus components was then investigated by several methods.
Immunoprecipitation of intracellular proteins from PI cells
Cell extracts labelled with [3H]lysine were prepared from PI, AI and non-infected cells, and immune precipitations were performed several times between the 80th and the 240th passage with anti-rabies virus mouse serum as described in Methods. The G1, G2, N and M1 viral proteins were detected in AI cells (Fig. 2, lane 2) , whereas only N and M1 could be clearly detected in the three PI cell lines (Fig. 2, lanes 3 to 5) . The ratio between N and M1 was the same in AI and PI cells except for the J cell line, where the amount of M1 was about twofold lower ( Fig. 2~ lane 5) . The G protein was nearly undetectable in PI cells (less than 10%). M2 protein could be seen in AI but not in PI cells after a longer exposure of the autoradiogram (data not shown). 1980a), 50 to 100 K of the amount of N protein contained in AI cells was regularly found in PI cell extracts (not shown). Using anti-glycoprotein monoclonal antibodies 509-6 and 101-1 (Flamand et al., 1980b) , recognizing sites I and II of the protein, as defined by Lafon et al. (1983) , we found that G protein in PI cells was below the level of detection of the technique (i.e. below 20~o of its normal amount) (data not shown).
Immunoenzymic test with virus-specific monoclonal antibodies
Immunofluoreseence test
Specific antisera against each of the major virus proteins were prepared by purification of these proteins on polyacrylamide gel, elution and injection into mice. They were used to look for the presence of each of these virus proteins in acetone-fixed PI cells. Tests performed around the 220th passage with antisera against proteins N and M1 revealed that the patterns of PI and AI cells were identical: the fluorescence was associated with cytoplasmic nucleocapsids (Tuffereau & Flamand, 1983) . When the test was made with antiserum against G or M2 (data not shown) no pattern of fluorescence was detected in PI cells, whereas AI cells showed a diffuse fluorescence located at the cell surface.
On
Labelling of PI cells with [3H]glucosamine
To detect smaller quantities of the glycoprotein, PI cells were labelled with [3H]glucosamine at the 150th passage (Fig. 3) . In uninfected cells, no glycosylated protein migrating to the same position as the viral glycoprotein G was found; therefore, minor amounts of G protein should have been detectable in PI cells. However, as shown in Fig. 3 (lanes 3 to 5) , no G could be detected in PI cells even under these conditions. ion-exchange chromatography. If virus proteins had evolved independently in each cell of the PI population, a cell extract might have contained a heterogeneous virus protein population; to avoid this problem, cell extracts from recently cloned cells were examined. N o differences could be detected between the tryptic peptides of N obtained from PI cell clones from any of the three PI lines and N prepared from virions (Fig. 4) .
Tryptic peptide maps of N and M I proteins
In contrast, the peptide map of M 1 protein from PI cell line J exhibited several modifications, marked by arrows in Fig. 5 . Peptide maps of M1 extracted from the other two PI cell lines also revealed modifications, but in other peaks (data not shown). These results indicate that maintenance of PI during 80 passages was accompanied by a variation of the M1 protein.
Solubilization of cytoplasmic nucleocapsids with detergent
When monolayers of cells are treated with a non-ionic detergent (NP40 or Triton), a detergent-insoluble fraction, mainly composed of the cytoskeleton and nuclei, remains attached to the Petri dish. Intact cells or detergent-treated cells were labelled with fluorescein-conjugated anti-nucleocapsid antibodies (Fig. 6) . In AI cells, the pattern of fluorescence was similar, with or without detergent treatment (Fig. 6a, b) . Therefore, the detergent failed to remove most of the nucleocapsids from the cytoskeleton. On the contrary, in PI cells, most of the fluorescence disappeared (Fig. 6d) after the detergent treatment, indicating that nearly all nucleocapsids were detergent-'soluble'. Furthermore, less material from the PI cell stayed attached to the Petri dish than in the case of AI cells, suggesting that the structure of PI cells was disturbed by the carrier state (data not shown).
Phosphorylation of N and MI proteins
It has been demonstrated that in AI cells N and M1 proteins are phosphorylated (Dietzschold et al., 1979) . To identify changes in the phosphate contents of N and Ml proteins in PI cells, labelling with [32p]Na3PO 4 was performed in vivo around the 170th passage. The detergent-c. TUFFEREAU, F. LAFAY AND A. FLAMAND insoluble and -soluble fractions were analysed on a polyacrylamide gel. The degree of phosphorylation of each protein was compared with its rate of synthesis as measured by incorporation of [35S]methionine. By labelling AI cells with [35S]methionine, we found that in the detergent-soluble fraction, N protein represents only one-third of the amount found in the detergent-insoluble fraction. The detergent-insoluble and -soluble forms of the N protein seemed to be phosphorylated to approximatively the same extent in both PI and AI cells (Table  1) .
Because of the presence of a phosphorylated cellular protein co-migrating with M1 in the detergent-insoluble fraction, comparison could be made only in the soluble fraction. The NP40-soluble M1 protein from PI cells seemed to be more phosphorylated than the M1 from AI cells (Table 1) . No modification appeared in the phosphorylation pattern of cellular proteins in PI cells.
DISCUSSION
In this paper, we present some characteristics of three persistent infections of BHK-21 cells. Each started from the 2 to 4 ~ of cells surviving infection with the CVS strain of rabies virus. In the course of 30 to 60 passages, depending on the PI cell line, virus production was low, irregular and heterogeneous (Tuffereau & Flamand, 1983) . Thereafter, p.f.u, were no longer released, whereas a relatively large amount of viral non-plaque-forming particles were still produced. This material exhibited a residual infectivity as shown by the appearance after 48 h of virus-induced fluorescence in 0.1 to 0-5~ of the cells incubated in the presence of undiluted PI culture supernatants. The poor infectivity of such particles seems easy to explain since their protein composition is abnormal. By analogy with vesicular stomatitis virus, reduction of the amount of glycoprotein would lead to particles that penetrate the cells but have a very low activity (Martinet-Edelist et al., 1984) . Further characterization of these particles (virions, nucleocapsids, or other subviral particles) is in progress.
Significant amounts of N and M 1 proteins were regularly found in PI cells. Both proteins were organized in intracytoplasmic inclusions like those present in AI cells and generally interpreted as nucleocapsid aggregation. We have also noticed that after detergent treatment, nucleocapsid aggregates from PI cells were mostly found in the soluble fraction, while in the case of AI cells they remained associated with the cytoskeleton. This observation suggests a weaker interaction between the nucleocapsids and the cell membranes in PI :cells. We have compared the tryptic maps of N and MI extracted from recently cloned PI cells'at the 80th passage and from purified virions. The tryptic peptide map of the N protein, extracted from the three PI cell lines, did not reveal any differences. This suggests that the N protein did not undergo major modifications during the first 80 passages. Despite this, it is not impossible that changes could still occur in this protein during further passages, since a 4-year-old PI with vesicular stomatitis virus was accompanied by several modifications in the peptide map of the N protein (Rowlands et al., 1980) . Several differences were detected in the M1 protein extracted from the three PI cell lines compared to the M 1 protein of virions. Such similar evolution suggests that the maintenance of the PI state necessitates, or at least is compatible with, some evolution of this protein. Wild & Bijlenga (1981) have also pointed out that modifications appeared in the M1 protein of rabies virus isolated from PI cells at the 400th passage.
The degree of phosphorylati0n of protein N was the same in PI and AI cells; it was also similar whether the N protein was found in the detergent-soluble or -insoluble fraction. The degree of phosphorylation of the M1 protein could be estimated only in the detergent-soluble fraction; it was higher in PI than in AI cells. A similar situation has been found in the carrier state established by vesicular stomatitis virus in Drosophila melanogaster cells (Blondel et al., 1983) .
In addition to N and M1, the L protein was also found in PI cells, although in an amount too low to be analysed further with our techniques. The presence of appreciable amounts of L, N and M1 proteins in PI cells is not surprising, since they are probably necessary for genome replication and transcription. The rate of synthesis of viral RNA and proteins should somehow be correlated with cell division in order to have an approximate doubling of viral material during one cell cycle. Lack of correlation would lead to a progressive increase or decrease of the quantity of viral material in PI cells, a situation which was not observed. Modifications of the M 1 protein could account for the slower rate of transcription and/or replication observed in PI cells (C. Tuffereau, unpublished results) although possible modifications of the L protein could play an important role too.
The G protein could never be detected in PI cells either by immunoenzymic test, by immunoprecipitation, by immunofluorescence test, or by specific labelling with [3H]glucosamine. Based on the sensitivity of our techniques, we can only make the assumption that in PI ceils there is less than 10 ~ of the amount of the glycoprotein found in AI cells. A similar defect in a glycosylated protein in cells persistently infected by lymphocytic choriomeningitis was observed by Oldstone & Buchmeier (1982) .
In our experiments, the only internal membrane protein, M2, was not detectable in PI cells by immunoprecipitation or by immunofiuorescent staining. It has also been demonstrated that subacute sclerosing panencephalitis infections are accompanied by a restriction of the M protein (Hall & Choppin, 1979; Ehrnst, 1979; Lin & Thormar, 1980; Machamer et al., 1981 ; Wechsler & Fields, 1978) . Surprisingly, the composition of virus particles released by PI cells (Fig. 1) did not reflect what was found in the cytoplasm of these cells. A deficiency of the M1 protein was always observed although this protein was present in normal amount in D and F PI cells and only reduced by a factor of about two in J cells. The lack of incorporation of this protein into virus particles was found even when these particles had an otherwise more or less normal composition (line D). It is tempting to correlate this observation with genetic evolution and the hyperphosphorylation of this protein, although its cytoplasmic localization inside the nucleocapsid aggregates suggests that its affinity for nucleocapsid structures was not completely abolished.
G and M2 were detectable in virus particles released by PI cells, although generally in lower amounts than in normal virions. This indicates that both proteins, although undetectable with our techniques, were indeed synthesized in PI cells. We are now investigating whether the transcription, the translation or the stability of G and M2 messengers is affected as well as the possibility that the proteins are unstable as reported for the M protein in Sendai virus PI cell lines (Roux & Waldvogel, 1982) .
It is striking how similarly our three independent PI cell lines evolved over 3 years. We are tempted to speculate that stability of the nucleocapsid protein, limited genetic evolution of the enzymes implicated in transcription and replication of the virus, and reduction of the quantity of viral membrane proteins are general features of persistent infections established in vitro not only with rabies virus, but also with other viruses.
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